LHC Installation Scenarios and Dynamic Aperture by Fartoukh, Stéphane David
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
European Laboratory for Particle Physics
Large Hadron Collider Project LHC Project Report 449
LHC installation scenarios and dynamic aperture
Ste´phane Fartoukh
Abstract
The nominal installation strategy of the LHC assumes that each of the 8 arcs of the ring will be equipped
with dipoles coming from the same production line. One of the main arguments used to justify this
option was the possibility to compensate most of the non-linearities induced by the dipole field errors
via a single corrector circuit per arc and per multipole. Indeed, assuming small variations from magnet
to magnet within a given production line, the multipolar components of the main dipoles appear as a
systematic per arc in this scenario, which, de facto, guarantees their correctability even with a small
number of corrector families. All the tracking studies done so far have used this installation scheme
to model the field imperfections of the main LHC magnets. According to latest error tables, with the
improvement of the dipole field quality, the uncertainty on the systematic field errors per production
line has been strongly reduced and becomes quite comparable or even lower than the random multipolar
components expected from dipole to dipole. It is then relevant to check if the present installation scenario
is still justified and to compare it with other options less constraining from the installation point of view.
Two other options will be studied in terms of dynamic aperture at injection: (1) the case where the dipoles
are randomly installed in the LHC tunnel independently of their production line, (2) the case where the
dipoles are installed end to end by batches of a small number of magnets (24 dipoles in our study) coming
from the same production line.
With the error table 9901, the LHC dynamic aperture at injection does not depend significantly on the
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1 Introduction and motivation
This paper reports on the results obtained after an extensive tracking campaign performed
on the LHC Version 6.0. Its main purpose is to study the possible correlations between LHC
dynamic aperture and installation strategies of the arc dipoles and quadrupoles. Three different
installation scenarios will be discussed successively:
– 1. the current scenario (so-called “No mixing”) which assumes that each of the 8 LHC
arcs will be equipped with dipoles and quadrupoles coming from the same production
line (which means same cables and same manufacturing tools and procedures).
– 2. a scenario (so-called “Full mixing”) where the dipoles would be installed, indepen-
dently of their origin, as soon as they arrive at CERN, which should be much less con-
straining from the installation point of view.
– 3. an intermediate option (so-called “Mini-mixing”) where the LHC dipoles would be in-
stalled end to end by batches of a small number N of magnets coming from the same pro-
duction line. Note that the first and the second scenario corresponds to a “mini-mixing”
with N = 154 (total number of dipoles per arc) and N = 1, respectively. Here, the case
N = 24 will be studied, which corresponds to 8 arc half-cells or approximatively 2π in
betatron phase; this proposal will be discussed in more detail in Section 3.1.
The first option constitutes the base-line of the current installation strategy of the LHC and has
been justified by the following two arguments.
– For a given low order multipole (say b3, b4 or b5) and a given production line, the rms
variation from magnet to magnet should be smaller than the systematic component. Note
that this argument is rather weak in view of the latest error table 9901 (see Tables 8, 9,
10) where, for each multipole except a1 and b1, uncertainty and random components are
quite comparable.
– For cost reasons, a single corrector circuit is foreseen per octant and per multipole. As
a result, if the “no-mixing” option is adopted and if the systematic multipolar compo-
nents per production line are really high, the correctability of the field errors should be
guaranteed even with a single family of corrector per arc and per multipole.
Nevertheless, such base-line scenario makes even more difficult the installation schedule due to
a limited storage capability of the magnets at CERN and since it fully correlates LHC installa-
tion and production of the main dipoles. To summarise, this option would be reasonably given
up in case of any delivery delays or of any manufacturing defects of a given production line. As
a consequence, a comparison with other scenarios has to be done, on the one hand to propose
alternatives, less risky and less constraining from the installation side, and, on the other hand,
to review the relevance of the current option in view of the most recent error tables.
We will begin the discussion by recalling the current status of the modelling for the field im-
perfections in the LHC main magnets (Section 2.1). We will then discuss the budget of the arc
correctors foreseen for LHC Version 6.1 (Section 2.2); another possible layout for the b4/b5
spool-pieces will be presented in order to compare it with the nominal scheme in terms of dy-
namic aperture. The nominal correction strategies used for a2, a3 (global minimisation of the
(1,-1) driving term), b3, b4 and b5 (correction of the integrated strength per arc) will be reported
in detail in Section 2.3; another possible choice for the compensation of b3, b4 and b5 will also
be discussed (minimisation of the detuning per arc). The purpose of this review is to qualita-
tively analyse the current installation scenario in terms of correctability of the multipolar errors
of the main dipoles (Section 2.4). Finally, assuming no mixing of the production lines per arc,
the dynamic aperture (DA) at injection will be computed by tracking [1] with the LHC optics
Version 6.0 (using the corrector budget of LHC Version 6.1). The two correction strategies pro-
posed for b3, b4 and b5 and the two possible layouts for the b4/b5 spool-pieces will be found quite
1
equivalent in terms of minimum dynamic aperture, with variations lower than ±0.2 σ (with the
optimal correction Ic, see Section 2.3) in the horizontal plane where the DA is the most critical.
Chapter 3 will start with a detailed description of the two other installation scenarios previously
mentioned. For both of them, the LHC dynamic aperture will be computed at injection (Sec-
tion 3.2), then compared to the one obtained in the reference case (“no mixing”). Concerning
the dynamic aperture averaged over the 60 seeds considered, the three installation scenarios will
be found remarkably equivalent. For each of these three configurations, the long-term dynamic
aperture will reach the target set to 12 σ’s at injection. In order to reinforce our conclusion, the
same exercise will be repeated by increasing by 1 unit the uncertainty of b5 (Section 3.3) or that
of b4 (Section 3.4) with respect to their respective value in the error table 9901. As previously,
within ± 0.4 σ, average and minimum dynamic aperture will be found insensitive to the choice
of the installation scenario.
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2 Arc correctors for LHC Version 6.1 and dynamic aperture at injection
The aim of this chapter is to present updated results concerning the LHC dynamic aper-
ture at injection obtained with the latest error table 9901 and the whole arc corrector circuits
foreseen in LHC Version 6.1. In this chapter, we will exclusively concentrate on the nominal
installation scenario where each of the 8 LHC octants is equipped with dipoles coming from
the same production line. We will first analyse the present situation in terms of corrector cir-
cuits, correction procedures and modelling of the field imperfections in the main dipoles and
quadrupoles. The results obtained in this case will then be compared in Chapter 3 to the ones
relative to other possible installation scenarios and/or to an error table somewhat more pes-
simistic.
2.1 Field imperfections in the main dipoles and quadrupoles
The usual expansion of the magnetic field reads









The subscript n = 1 refers to a dipole, n = 2 to a quadrupole and so on. The terms a and b
indicate skew and normal harmonics, respectively, and Bref represents the magnetic field at the
reference radius Rref . In MAD [2] convention, the integrated normal and skew 2(n + 1)-polar































where α ≡ 2π/1232 for the LHC main dipoles and α ≡ Gq Rref for the main quadrupoles,
(Gq [m−1] being the nominal integrated gradient of the quadrupole considered).
For a given LHC magnet, a multipole of order n, say bn, is computed in the following way:
bn =
[

















where ξU and ξR denote random numbers with a Gaussian distribution cut at 1.5 and 3σ, re-
spectively, the labels g, p and t refer the geometric, persistent and ramp induced errors. Each
type of error is then classified as systematic (’M’ like mean, due to the magnet design itself),
systematic per production line (’U’ like uncertainty, depending on cable and manufacturing tol-
erances) and purely random (’R’ like random). Note that, concerning the present installation
scenario, the uncertainty can be interpreted as a systematic change from arc to arc which simply
adds up to the systematic design component.
From the knowledge of these coefficients, it is then easy to construct the error tables relative to
the main LHC magnets, at injection (see Table 8) where the ramp induced errors are set to zero,
during the ramp (see Table 9) where the imperfections induced by persistent current falls down
rapidly with energy, and at top energy (see Table 10) where only the field errors of geometric
origin (plus saturation effects) must be taken into account.
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Multipole Corrector Magnetic # per arc and Nominal field [T] Max. integrated
type name length [m] per aperture at Rref = 17 mm strength per arc
at 450 GeV / 7 TeV
Arc correctors
b2 MQT 0.320 2× 8 2.040 (120 T/m) 44.33 / 2.85 b2 units
a2 MQS 0.320 4 2.040 (120 T/m) 22.16 / 1.42 a2 units
a3 MSS 0.369 4 1.280 16.04 / 1.03 a3 units
Spool-pieces
b3 MCS 0.110 154 0.471 67.73 / 4.35 b3 units
b4 MCO 0.066 77 0.040 1.73 / 0.11 b4 units
b5 MCD 0.066 77 0.100 4.31 / 0.28 b5 units
Table 1: Arc corrector families and strength budget for LHC Version 6.1.
2.2 Arc correctors foreseen in LHC Version 6.1
The closed orbit corrector system of the LHC will not be discussed in this paper (see [3]
for more details). In particular, this means that the tracking results given in the following sec-
tions assume a perfectly aligned machine without dipolar field imperfection. Insofar as a1 and
b1 harmonics as well as magnet misalignments are also specified to minimise the multipole
feed-down effects, this simplification should not affect our future conclusions.
Lattice sextupoles (used to correct the natural chromaticity of the LHC [4]) and lattice octupoles
(foreseen for Landau damping [5]) will not be considered either in the following review.
In LHC Version 6.1, in order to compensate the field imperfections of the arc dipoles, it is
foreseen to install the following correctors:
– b2 correctors: 2 families of 8 correctors per arc, QTF and QTD, from Q14 to Q21. These
trim quadrupoles are also foreseen to perform small tune shifts during operation.
– a2 correctors (skew quadrupoles): one family of 4 correctors MQS per arc close to Q22
and Q24. Very recently, a more robust solution has been proposed and approved [6] but the
original one turned out to be fully sufficient for our purpose (minimisation of the coupling
coefficient per arc, then global correction by the closest tune approach, see Section 2.3).
– b3 spool pieces MCS at every dipole (1 family per arc).
– a3 correctors: one family of 4 skew sextupoles MSS per arc (see [7] for more details).
– b4 spool pieces MCO every other dipole (1 family per arc).
– b5 spool pieces MCD every other dipole (1 family per arc).
The maximum available strength of each corrector has been calculated at injection and at top
energy in terms of systematic multipolar components of the main dipoles integrated over an arc
(see Table 1). A quick comparison with the error tables given in Appendix A shows that, with
the exception of b4 and b5, each of these corrector schemes is able to provide a full correction up
to the top energy. On the other hand, as shown in Table 9 (expected field errors during the ramp),
the b4/b5 spool-pieces could saturate around 1.4 TeV and 2.2 TeV respectively. Nevertheless,
this should not limit the LHC dynamic aperture (in number of σ’s) thanks to the 1/γ reduction
of the horizontal and vertical beam emittances.
It is worth noting that, compared to the LHC Version 6.0, the b4/b5 corrector budget has been
reduced by a factor of two. For hardware reasons, the present scheme (Scheme I in Fig. 1) has


































































































































 MB with only b3 spool-piece
MB with b3,b4 and b5 spool-pieces
Scheme I (Version 6.1)
Figure 1: Two possible correction schemes for b4/b5 where only 50% of the main dipoles are
equipped with b4 and b5 spool-pieces.
pieces [8]; another good candidate was the Scheme II shown in Fig. 1. Short-term tracking has
already shown that both schemes are essentially equivalent [9]; long-term tracking will validate
this result in Section 2.5.
2.3 Correction procedures
In this section, we define the different correction procedures which will be used in our
simulations for each of the corrector circuits previously mentioned.
2.3.1 a2 and a3 compensation
The corrections of the skew quadrupolar and skew sextupolar field errors are quite similar.


















i (µx−µy) for a3,
(4)
where βx,y, Dx, µx,y are the horizontal and vertical betatron functions, the horizontal dispersion
and the horizontal and vertical betatron phases, respectively (see [7] and [10]), and K−1,2(s)
indicates the skew quadrupolar and skew sextupolar field distribution around the ring. This
compensation is made in two successive steps.




















are minimised thanks to the skew quadrupolar and skew sextupolar correctors of the arc consid-
ered. Note that these coupling coefficients are complex numbers and then cannot be perfectly
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cancelled with a single family of correctors per arc. Nevertheless, insofar as the corrector dis-
tribution is symmetrical with respect to the mid-arc, the systematic a2 and a3 components are
fully compensated in each arc (if one neglects the small asymmetry induced by the dispersion
suppressors and if the field imperfections in the main dipoles are known with a good accuracy).
Step II The global compensation of the driving terms c− and c˜− is achieved in a second step.
To simplify the discussion, let us only consider the a2 correction and let us assume that the
phase advance difference ∆µ from mid-arc to mid-arc is not an integer multiple of π so that
the 8 skew quadrupolar corrector families can be used as orthogonal knobs in terms of coupling
compensation. For symmetry reasons (see e.g. [4, p. 11]), the LHC exhibits a super-periodicity
close to 8 in µx − µy, that is ∆µ ∼ 2π p/8 where p indicates the integer tune split. As a result,
the previous assertion is quite valid in LHC Version 6 where p = 5 but was not true in LHC
Version 5 for which p = 4 units 1).








, k = 1 . . . 8, are solutions of the following minimisation problem:









which, written in vectorial notations A (X0 +X1) = C, yields
X1 = A
t · (A ·At)−1 · (C −A ·X0) ,





, k = 1 . . . 8,
A is the corresponding response matrix (2 × 8 rectangular) and C is a 2-dimensional vector
containing the real and imaginary part of the coupling coefficient to be corrected.
The same procedure is applied for the a3 correction with the corresponding definition of the
coupling coefficient c˜− (see Eq. 4).
2.3.2 b3 , b4 and b5 compensation
Correction of type a
The nominal procedure foreseen to correct the multipolar components b3, b4 and b5 is much
simpler. It consists in compensating the strength integrated over an arc of each of the multipoles
considered. More precisely, by using Eq. 2, the settings K+2,3,4 of the b3, b4 and b5 spool-pieces





















1) This possible limitation is one of the main reasons having motivated the more robust solution recently proposed
for the linear coupling compensation of the LHC (independent left-right powering of the two skew quadrupole
pairs in 4 of the 8 LHC arcs [6]).
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with NMCS = 2NMCO = 2NMCD = 154 the number of b3 spool-pieces per arc2) and where
the notation < . . . >MB refers to the multipolar errors of the main bends averaged over the arc
considered. In the following, this procedure will be named correction of type Ia or IIa according
to the layout chosen for the b4/b5 spool-pieces (scheme I or scheme II shown in Fig. 1).
Correction of type b
Another possible correction strategy, more sophisticated (but not necessarily better), consists in
minimising in each arc an appropriate norm containing different detuning terms, typically, the
chromaticity Q′ for b3, the second order chromaticity Q′′ and the anharmonicity ∂Q/∂* for b4,
the third order chromaticity Q′′′ and the chromo-geometric detuning ∂2Q/(∂* ∂δ) for b5. The

































































































containing the chromatic detunings and amplitude detunings at 2σδ (rms energy spread) and
8σ respectively. In the following, this procedure will be named correction of type Ib or IIb
(according to the layout chosen for the b4/b5 spool-pieces). As shown in Table 4, it corresponds
statistically to a corrector setting 5 to 10% lower than the one obtained with a correction of
type a.
Correction of type c
Finally, for a given machine (random seed), it is always possible to select the correction strategy,
type a or type b, which gives the best dynamic aperture. This correction “a posteriori” will be
called correction of type c.
2.4 Correctability of the field errors in the LHC arcs
We are now in a position to analyse the nominal LHC installation strategy in terms of
correctability of the dipole field imperfections. Insofar as
1. in a window of 12 σ’s, the LHC dynamic aperture is rather insensitive to the purely random
variations from magnet to magnet coming from the same production line [11],
2. the betatron phase advance in the arc cells is close to 90◦,
the result is a quasi-complete compensation over an arc of many resonance driving terms excited
by the systematic part of the field errors, mainly:
– the resonance (1,1) induced by the systematic a2. For the latter, a self-compensation oc-
curs every 6 dipoles, which corresponds to π/2 in betatron phases.
– the third order resonances (close to the LHC working point) or, more generally, all the
first order resonances induced by the odd multipoles as b3, a3, b5, . . .. In this case, the
self-compensation occurs every 12 dipoles, which corresponds to π in betatron phases.
2) In the second b4/b5 correction scheme shown in Fig. 1, the number of octupolar and decapolar spool-pieces is
NMCO = NMCD = 80 per arc.
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Correction (Yes/No) First order resonances Terms fully or Terms which par- Terms which cannot
Multipole and # of correctors and detuning induced partially corrected tially compensate be corrected (except
per arc over an arc via global correctors)
a2 Y Resonances (1,±1) Resonance (1,-1) Resonance (1,1) Resonance (1,1)
4 correctors MQS
b3 Y Resonances (1,0), (3,0) Q′ All except Q′ All except Q′
1 every dipole (1,± 2), and Q′
a3 Y Resonances (1,± 1), Resonance (1,-1) All except the All except the
4 correctors MSS (0,1), (0,3) (inducing Q′′) resonance (1,-1) resonance (1,-1)
and (2,±1)
b4 Y Fourth order resonances, Resonance (2,-2), Fourth order resonances depending on the
1 every other dipole Q′′ and ∂Q/∂ Q′′ and ∂Q/∂ except resonance (2,-2) use or not of the
and the detuning terms Landau octupoles
b5 Y Fifth order resonances, Q′′′ and All except the All except the
1 every other dipole Q′′′ and ∂2Q/(∂ ∂δ) ∂2Q/(∂ ∂δ) detuning terms detuning terms
Other . . . All the
multipoles N . . . None resonances for All
an, bn . . . odd multipoles
Table 2: Correctability of the multipolar field errors in the LHC arcs (nominal installation sce-
nario or mini-mixing option).
– for b4, the sub-resonances (2,0) and (0,2) for which the self-compensation is achieved
every 6 dipoles as well as the resonances (4,0), (2,2) and (0,4) (compensation every 3
dipoles corresponding to π/4 in betatron phase).
As a result, among the various non-linearities (driving terms or detuning) induced by a given
multipole, only a few of them require an effective correction:
– the resonance (1,-1) for a2 (linear coupling).
– the sub-resonance (1,-1) seen by off-momentum particles for a3 (chromatic coupling).
– the chromaticities Q′x,y for b3.
– the anharmonicities ∂Qx,y/∂*x,y, the second order chromaticities Q′′x,y and the resonance
(2,-2) for b4.
– the chromo-geometric detuning ∂2Qx,y/(∂*x,y∂δ) and the third order chromaticities Q′′′x,y
for b5.
As already mentioned, these corrections can be performed via a single family of correctors per
arc and per multipole:
– two pairs of skew quadrupolar and skew sextupolar correctors symmetrically placed
around the mid-arc and carefully positioned so that they do not induce undesirable ef-
fects (resonance (1,1) and vertical dispersion for a2 correctors, resonance (1,1) and third
order resonances for a3).
– b3 spool-pieces every dipole ensuring a quasi-local correction of the systematic sextupolar
component of the dipoles, and then, a fortiori a quasi-perfect cancellation of the induced
chromaticity.
– b4 and b5 spool-pieces every other dipole, but positioned in such a way that they guarantee
a good sampling of the arc cell in terms of betatron functions and horizontal dispersion.
One third of these spool-pieces is close to focusing quadrupoles QF’s, one third close
to QD’s and one third equip central dipoles of the arc cell. Consequently, each of the
10 detuning terms associated to b4 and b5 can be more or less corrected by the present
scheme.
This qualitative analysis is summarised in Table 2. By comparing the last two columns of this
table, it is clear that the budget foreseen for the arc correctors has been reduced to its bare
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minimum in the sense that it takes full advantage of the nominal installation strategy chosen for
the LHC.
Finally, let us discuss another possible option consisting in a mini-mixing of the production
lines per batches of a small number N of “identical” dipoles installed end to end in the LHC
tunnel (see introduction and section 3.1). In this case, an analysis similar to the previous one
would easily show that the optimal choice for N is N = 24 (corresponding to 2π in betatron
phase) and that, while simplifying the LHC installation, this choice does not affect in any way
the correctability of the dipole field imperfections.
On the other hand, the latter could be strongly deteriorated in a scenario where the production
lines would be mixed in a fully random way (full mixing). Nevertheless, as already said, random
errors and systematic per production lines are quite comparable in the latest error table 9901 and
the three installation scenarios will be found quite equivalent in terms of dynamic aperture of
the LHC; this will form the subject of chapter 3.
2.5 Dynamic aperture at injection versus corrector layout and correction procedure
Type of correction Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
Ia Minimum 11.8 11.8 13.4 13.9 15.0
Average 13.3 13.6 15.3 15.5 16.1
Ib Minimum 11.1 12.2 13.8 13.6 14.5
Average 13.0 13.9 15.6 15.1 15.7
Ic Minimum 12.7 12.6 13.8 13.8 14.6
Average 13.4 13.8 15.4 15.3 15.9
IIa Minimum 12.0 12.5 14.0 13.7 14.0
Average 13.2 13.8 15.4 15.3 15.6
IIb Minimum 11.4 11.7 13.4 13.2 14.3
Average 13.0 14.0 15.4 15.1 15.4
IIc Minimum 12.3 12.5 13.4 13.2 14.4
Average 13.3 13.9 15.4 15.2 15.6
Table 3: Average and minimum 100’000 turns dynamic aperture at injection: 60 seeds with a2,
a3, b2, b3, b4 and b5 compensation. No mixing (nominal installation scenario, i.e. one production
line per arc). LHC injection optics Version 6.0 (nominal tunes 64.28/59.31) with the error table
9901 for MB’s and MQ’s.
The LHC dynamic aperture, defined as the maximum betatron amplitude below which all
examined particles survive 105 turns, has been computed at injection using the error table 9901
(see Table 8) by applying the different correction procedures described in Section 2.3 (type a,b
or c) and by considering the two possible layouts for the b4/b5 spool-pieces (scheme I or II
in Fig. 1). Only the field errors in the main dipoles MB’s and main quadrupoles MQ’s have
been taken into account in these simulations, considering 8 different production lines of MB’s
and 2 production lines of MQ’s, each equipping one or several octants (no mixing). The results
obtained on 60 different machines (seeds) are given in Table 3 for 5 different directions of the
phase space, φ = 15, 30, 45, 60, 75◦. For a given betatron amplitude of nσ, the angle φ defines
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py0 = 0 .
Moreover, in the following simulations, each particle is assumed to possess an initial momentum
deviation of δ = 0.75 × 10−3, which corresponds to three quarters of the bucket half height at
injection.
At low angle, φ = 15◦, where the dynamic aperture is the smallest (see paragraph 3.2.3 for a
qualitative explanation), the nominal correction of type a (correction of the integrated strength)
is slightly better than the one of type b (minimisation of the detuning per arc) by .7 and .6 σ
for scheme I and scheme II, respectively. When the correction of type c is applied (optimal
correction a posteriori), scheme I and scheme II are found to be quite equivalent and the target


































Figure 2: Average and minimum 100’000 turns dynamic aperture at injection: 60 seeds with a2,
a3, b2, b3, b4 and b5 correction. No mixing. LHC injection optics Version 6.0 (nominal tunes
64.28/59.31) with the error table 9901 for MB’s and MQ’s. The symbols •, ◦ refers to the cases
Ic and IIc respectively.
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3 Dynamic aperture versus installation scenarios
In this chapter, two other possible options will be proposed for the LHC installation (Sec-
tion 3.1). For both of them, the LHC dynamic aperture will be recomputed at injection by
applying the different correction procedures defined in Section 2.3 (type Ia, Ib and Ic). A com-
parison with the nominal installation scenario will be performed by considering three different
error tables:
– the nominal error table 9901 at injection given in Table 8 (Section 3.2).
– the error table 9901 with the uncertainty of b5 (systematic per production line, see Section
2.1) increased by 1 unit in the main dipoles (Section 3.3)
– the error table 9901 with the uncertainty of b4 increased by 1 unit in the main dipoles
(Section 3.4)
In every case, when the correction Ic is applied, the three installation scenarios will be found
quite equivalent in terms of minimum dynamic aperture, with variations smaller than ±0.4 σ at



































































































































































23 MB’s 24 MB’s
  (4 arc cells)










24 MB’s 23 MB’s
Arc cells Arc cells
Each  pattern corresponds to a given production line of dipoles (MB)
+1/2 DS cell)
(4 arc cells)
 +1/2 DS cell)
Figure 3: Installation per octant of dipoles coming from different production lines in the “mini-
mixing” scenario. The MQ production lines are assumed to be randomly mixed.
The three installation scenarios studied in this chapter are described hereafter:
- the nominal scenario (so-called “No mixing”) which assumes that each of the 8 LHC arcs
will be equipped with dipoles and quadrupoles coming from the same production line (which
means same cables, same manufacturing tools and procedures). In this configuration, for each
multipole, the systematic component per production line can be simply redefined as a systematic
per arc which adds up to the systematic design component (assuming no significant drift in the
consecutive production of 154 dipoles).
- a scenario (so-called “Full mixing”) where the dipoles would be installed, independently of
their origin, as soon as they arrive at CERN, which should be much less constraining from the
installation point of view.
- an intermediate option (so-called “Mini-mixing”) where the LHC dipoles would be installed
end to end by batches of a small number N of magnets coming from the same production
line. For reasons relative to the correctability of the multipolar field errors (see Section 2.4), an
optimal choice for N is N = 24 dipoles, which corresponds to 8 arc half-cells, that is 2π in
betatron phase3). Nevertheless, due to the asymmetry induced by the dispersion suppressors (a
total number of 16 dipoles per arc), an appropriate compromise is required. Knowing that the
3) Note that the first two options correspond to an installation scenario of type “mini-mixing” for which N = 154
and N = 1 respectively.
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total number of regular FODO cell is Ncell = 23 cell per arc (that is 138 dipoles), the choice
which has been made is illustrated in Fig. 3.
For each of these options, the total number of production lines has been chosen to 8 for the
main dipoles and 2 for the quadrupoles. Concerning the last two scenarios, a full mixing of the
quadrupole production lines has been assumed.
3.2 Error table 9901
The LHC dynamic aperture will be computed at injection first by using the nominal error
table 9901 (see Table 8).
3.2.1 Setting of the arc correctors at injection
For each of the three installation scenarios considered, the corrections of type a and type b
(and a fortiori of type c) have been tested. In each case, a statistic on the corrector setting has
been performed over 60 different machines (see Table 4). As expected, for a given correction
procedure, the distributions relative to the corrector settings are in average insensitive to the
installation scenario while their rms values tend to decrease with the “mixing degree” of the
production lines. Finally, it is worth noting that the strength of the spool-pieces is systematically
reduced by 5-10% when the correction Ib is applied (minimisation of the detuning per arc).
3.2.2 Dynamic aperture
A brief inspection of Table 5 shows that, when the nominal correction Ia is applied, the
three installation scenarios are quite equivalent, within ±0.4σ for the minimum dynamic aper-
ture estimated in each of the 5 phase space directions. The correction of type Ib seems to be
more sensitive to the installation scenario, giving a minimum dynamic aperture of only 9.9 σ’s
(at φ = 15◦) in the full mixing configuration. Nevertheless, this low dynamic aperture is ob-
tained for only one seed (seed #8), the other ones giving a dynamic aperture above 11.6 σ’s in
the direction φ = 15◦.
On the other hand, as shown in Fig. 4, the target of 12 σ’s is reached in each of the three in-
stallation configurations when the optimal correction Ic is applied, the nominal scenario being
slightly better than the two other ones.
Although average and minimum dynamic aperture seem to be rather independent of the instal-
lation choice, some differences clearly appears when one compares in more detail the statistics
obtained over the 60 seeds considered. As shown in Fig. 5, the loss of correctability is evi-
dent in the full mixing configuration with a bin of smallest dynamic aperture more populated
in this case, especially at low angles. On the other hand, it is quite remarkable to see that the
correctability of the multipolar field errors is almost fully recovered in the mini-mixing config-
uration.
3.2.3 Correlation between dynamic aperture and detuning
At low angle, φ = arctan(
√
*y/*x) <∼ 30◦, the dynamic aperture is systematically smaller
as if particles with large horizontal amplitude were pushed towards one or several dangerous
resonances. After many correlation tests, the best candidate was found to be the resonance
(1,−1). Indeed, for the LHC at injection, the distance of the working point to the diagonal is
Qx − Qy = ∆0 = −0.03 at zero amplitude. At large amplitude, say at 12 σ’s, this distance is


























with ∂Qx/∂*y ≡ ∂Qy/∂*x (cross-anharmonicity) and where * indicates the rms physical emit-
tance of the LHC beam (* = 7.82 × 10−9 m at injection). As shown in Fig. 6, for each of the
three installation scenarios, the quantity ∆1 is clearly positive for φ = 15◦ so that the distance
to the resonance (1,-1) is reduced for those particles, ∆1 is zero in average for φ = 45◦ and
becomes negative for φ = 75◦, which could be a good explanation to the fact that the LHC
dynamic aperture is reduced for particles with large horizontal amplitudes.
3.3 Error Table 9901 with the b5 uncertainty increased by 1 unit in the main dipoles
In order to reinforce our conclusions, the same study has been performed by modifying in
a significant but reasonable way the error table 9901. The relevant parameters are the systematic
errors per production line (uncertainties), mainly the b4 and b5 components of the main dipoles.
We will begin with the case where the b5 uncertainty is increased by 1 unit with respect to its











Insofar as the systematic design component, b5S = 0.887, is quite significant, an increase of the
b5 uncertainty does not necessary lead to a systematic reduction of the dynamic aperture.
Our conclusions are similar to the ones relative to the nominal error table 9901:
– as shown in Table 6 and Fig. 7, the dynamic aperture does not depend in average on
the installation scenario. When the correction Ia is applied, the difference between two
installation scenarios does not exceed±0.4 σ in terms of minimum dynamic aperture (for
each of the 5 phase space directions considered). In the full mixing configuration, the
correction Ib gives for the seed #19 a dynamic aperture of only 10.1 σ’s at φ = 15◦, the
59 other seeds giving a dynamic aperture above 11.7 σ’s. When the optimal correction Ic
is chosen, the target of 12 σ’s is almost reached for each of the three installation scenarios.
– a significant loss of correctability is perceptible in Fig. 8 when the production lines are
fully mixed in the LHC arcs. The former is fully recovered in the mini-mixing configura-
tion.
A quick comparison between Tables 5 and 6 shows that the increase by 1 unit of the b5 uncer-
tainty does not lead to a drastic reduction of the dynamic aperture (as far as the spool-pieces
are strong enough to guaranty a full correction). For the correction of type Ic, the minimum
dynamic aperture at φ = 15◦ is reduced by .8 σ and .3 σ respectively in the nominal and “full
mixing”installation scenarios while increasing by .3 σ in the “mini-mixing” configuration. On
the other hand, this does not mean that the specification on b5 could be relaxed because other
criteria must be taken into account as, in this case, a tight control of the residual third order
chromaticity Q′′′ [12].
3.4 Error Table 9901 with the b4 uncertainty increased by 1 unit in the main dipoles
Finally, we consider here the case where the b4 uncertainty is increased by 1 unit in the
main dipoles: 







b4S = 0.223 / − .219
b4U = 1.344
b4R = 0.513
Insofar as the geometric part of the systematic component b4S changes sign between inner and
outer channel, the latter is approximately zero when averaged over the LHC ring. As a result,
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unlike the previous case, a systematic reduction of the dynamic aperture is expected when the
b4 uncertainty is increased. This is effectively the case if one compares Tables 5 and 7: consid-
ering the nominal installation scenario, the minimum dynamic aperture is reduced by .5− 1.4 σ
(according to the direction in phase space) when the optimal correction Ic is applied. This loss
is less significant in the other two scenarios.
This phenomenon can be qualitatively understood in the following way. For the nominal work-
ing point of the LHC, (.31/.28) at injection, the most dangerous resonance excited by b4 is the
resonance (2,-2). Within a given arc, the contributions of each magnet to the (2,-2) resonance
driving term are practically additive in such a way that the latter is automatically reduced in the
presence of a full or partial randomisation of the production lines (full mixing or mini-mixing).
This being said, the dynamic aperture seems to be again roughly insensitive to the installation
scenario (see Table 7, Fig.’s 9 and 10); the nominal installation scenario seems even to be the
worst in this case.
15
No mixing
Corrector Correction Ia Correction Ib
type Av. Min. Max. Av. Min. Max.
MQS for a2 0.01 −3.56 3.15 0.01 −3.56 3.15
MSS for a3 −0.12 −2.65 2.64 −0.12 −2.65 2.64
MCS for b3 14.31 12.09 16.38 13.74 11.61 15.79
MCO for b4 0.03 −36.87 37.65 −0.04 −33.02 32.32
MCD for b5 −20.67 −32.06 −9.18 −18.14 −31.32 −6.91
Full mixing
Corrector Correction Ia Correction Ib
type Av. Min. Max. Av. Min. Max.
MQS for a2 0.07 −3.03 2.52 0.07 −3.03 2.52
MSS for a3 −0.07 −1.65 1.92 −0.07 −1.65 1.92
MCS for b3 14.32 12.85 15.60 13.74 12.30 14.90
MCO for b4 −0.01 −26.28 23.88 −0.07 −23.10 21.75
MCD for b5 −20.70 −26.87 −15.04 −18.18 −25.39 −11.90
Mini-mixing
Corrector Correction Ia Correction Ib
type Av. Min. Max. Av. Min. Max.
MQS for a2 0.02 −3.01 3.03 0.02 −3.01 3.03
MSS for a3 −0.10 −2.10 1.85 −0.10 −2.10 1.85
MCS for b3 14.32 12.36 15.67 13.74 11.85 15.06
MCO for b4 −0.02 −30.34 28.69 −0.05 −26.51 25.26
MCD for b5 −20.69 −27.68 −13.14 −18.16 −27.01 −11.01
Table 4: Arc corrector setting at injection in [%] of their nominal field (error table 9901, LHC
Version 6.0). Statistics over 60 seeds for each installation scenario and for the correction proce-
dures Ia and Ib.
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Correction Ia
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.8 11.8 13.4 13.9 15.0
Average 13.3 13.6 15.3 15.5 16.1
Full mixing Minimum 11.4 12.2 13.5 14.1 14.3
Average 13.2 13.6 15.3 15.3 15.9
Mini-mixing Minimum 11.6 11.7 13.3 14.4 14.6
Average 13.3 13.6 15.1 15.5 15.9
Correction Ib
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.1 12.2 13.8 13.6 14.5
Average 13.0 13.9 15.6 15.1 15.7
Full mixing Minimum 9.9 12.4 12.8 13.1 14.5
Average 12.8 13.9 15.4 15.1 15.4
Mini-mixing Minimum 12.0 12.4 13.7 13.7 13.7
Average 12.9 13.8 15.5 15.0 15.5
Correction Ic
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 12.7 12.6 13.8 13.8 14.6
Average 13.4 13.8 15.4 15.3 15.9
Full mixing Minimum 12.0 12.2 13.4 13.9 14.3
Average 13.3 13.7 15.2 15.2 15.8
Mini-mixing Minimum 12.0 12.3 13.3 13.8 14.6
Average 13.4 13.6 15.2 15.4 15.8
Table 5: Average and minimum 100’000 turns dynamic aperture at injection: 60 seeds with
a2, a3, b2, b3, b4 and b5 correction. Correction scheme of type Ia,Ib and Ic tested on different
installation scenarios. LHC injection optics Version 6.0 (nominal tunes 64.28/59.31) with the


































Figure 4: Average and minimum 100’000 turns dynamic aperture at injection: 60 seeds with a2,
a3, b2, b3, b4 and b5 correction. Correction scheme of type Ic tested on different installation sce-
narios: no mixing (symbol •), full mixing (symbol ◦), mini-mixing (symbol ∗). LHC injection
optics Version 6.0 (nominal tunes 64.28 / 59.31) with the error table 9901 for MB’s and MQ’s.
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Figure 5: Dynamic aperture at injection over 105 turns for different installation scenarios (cor-
rection Ic). Error table 9901. Statistic over 60 seeds in three directions of the phase space,























































































































Figure 6: Dynamic aperture against detuning at 12σ amplitude, ∆Qx(12σ, φ) − ∆Qy(12σ, φ),
for different directions of the phase space, φ = 15, 45, and 75◦. Error table 9901. Correction of
type Ic tested on different installation scenarios.
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Correction Ia
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.7 11.6 13.2 14.2 14.6
Average 13.2 13.5 15.2 15.5 16.1
Full mixing Minimum 11.4 11.8 12.4 13.4 14.7
Average 13.1 13.4 15.1 15.2 15.8
Mini-mixing Minimum 11.7 12.3 13.0 13.4 14.4
Average 13.3 13.5 15.0 15.3 16.0
Correction Ib
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.4 12.0 13.0 13.4 14.9
Average 13.2 13.5 15.4 15.4 16.0
Full mixing Minimum 10.1 11.0 13.0 13.6 14.6
Average 13.1 13.5 15.1 15.4 15.9
Mini-mixing Minimum 11.7 12.0 13.8 14.0 14.6
Average 13.2 13.6 15.2 15.4 15.9
Correction Ic
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.9 12.2 13.3 14.2 14.7
Average 13.3 13.7 15.3 15.5 16.1
Full mixing Minimum 11.7 11.8 13.0 13.8 14.7
Average 13.2 13.5 15.1 15.2 15.8
Mini-mixing Minimum 12.3 12.4 13.7 13.4 14.4
Average 13.4 13.6 15.2 15.3 15.9
Table 6: Average and minimum 100’000 turns dynamic aperture obtained at injection in the
same conditions as the ones used in Table 5 except that the uncertainty of b5 has been increased


































Figure 7: Average and minimum 100’000 turns dynamic aperture obtained at injection in the
same conditions as the ones used in Fig. 4 (correction Ic) except that the uncertainty of b5 has
been increased by 1 unit in the main dipoles: no mixing (symbol •), full mixing (symbol ◦),
mini-mixing (symbol ∗).
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Figure 8: Dynamic aperture at injection over 105 turns for different installation scenarios (cor-
rection Ic). Error table 9901 except that the uncertainty of b5 has been increased by 1 unit in the
main dipoles. Statistic over 60 seeds in three directions of the phase space, φ = 15, 45, and 75◦.
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Correction Ia
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.4 11.5 12.9 12.4 14.3
Average 13.0 13.4 14.9 15.2 15.9
Full mixing Minimum 12.0 11.6 13.4 13.5 14.3
Average 13.1 13.5 15.2 15.3 15.9
Mini-mixing Minimum 11.7 11.6 12.9 13.5 14.5
Average 13.0 13.3 14.6 15.0 15.6
Correction Ib
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.6 11.5 13.1 12.3 14.1
Average 13.0 13.5 14.9 15.2 15.9
Full mixing Minimum 11.8 12.0 12.7 13.9 14.1
Average 13.1 13.6 15.1 15.2 15.8
Mini-mixing Minimum 11.4 12.0 13.4 13.1 14.1
Average 13.0 13.3 14.8 15.0 15.6
Correction Ic
Installation scenario Dyn. Aper. [σ] 15◦ 30◦ 45◦ 60◦ 75◦
No mixing Minimum 11.6 11.7 13.2 12.4 14.1
Average 13.2 13.6 14.9 15.2 15.9
Full mixing Minimum 12.0 12.0 12.7 13.9 14.1
Average 13.3 13.5 15.2 15.3 15.8
Mini-mixing Minimum 11.8 12.1 12.9 13.1 14.1
Average 13.2 13.3 14.8 14.9 15.7
Table 7: Average and minimum 100’000 turns dynamic aperture obtained at injection in the
same conditions as the ones used in Table 5 except that the uncertainty of b4 has been increased


































Figure 9: Average and minimum 100’000 turns dynamic aperture obtained at injection in the
same conditions as the ones used in Fig. 4 (correction Ic) except that the uncertainty of b4 has
been increased by 1 unit in the main dipoles: no mixing (symbol •), full mixing (symbol ◦),
mini-mixing (symbol ∗).
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Figure 10: Dynamic aperture at injection over 105 turns for different installation scenarios (cor-
rection Ic). Error table 9901 except that the uncertainty of b4 has been increased by 1 unit in the
main dipoles. Statistic over 60 seeds in three directions of the phase space, φ = 15, 45, and 75◦.
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4 Conclusion
Three different installation scenarios have been studied and compared in terms of dy-
namic aperture at injection and correctability of the multipolar field errors:
– 1. the nominal scenario which assumes that each of the 8 LHC octants will be equipped
with dipoles and quadrupoles coming from the same production line (no mixing).
– 2. the least constraining option (from the installation point of view) where the main LHC
magnets would be randomly installed independently of their origin (full mixing).
– 3. an intermediate option consisting in a full mixing of the quadrupoles but in arranging
the dipoles per small batches of 24 magnets coming from the same production line and
installed end to end in the LHC tunnel (mini-mixing, see Fig. 3).
Our conclusions are that the dynamic aperture is not a sufficient criterion to justify the present
strategy chosen for the LHC installation. If the installation can be made easier by giving up the
present scenario, rather than a wild mixing of the dipole production lines we recommend an
alternative of type “mini-mixing”, identical to the one previously mentioned or equivalent in
terms of correctability of the multipolar field errors (see Table 2).
On the other hand, we have to keep in mind that these conclusions stand only for the current
error tables, which do not necessarily reflect reality. Finally, it is worth noting that, in the full
mixing scenario, the systematic per production line (uncertainty) and the random components
have to be added up quadratically. In particular and according to Table 8, this means that, in
this case, the random b1 and b2 components would be increased at injection by a factor of 3 and
1.5, respectively. As shown in this report, this has no impact on the LHC dynamic aperture but
could possibly reduce the mechanical aperture of the ring; this will form the subject of a further
study.
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A Error table 9901 at injection, during the ramp and at top energy
The expected filed errors in the main dipoles and main quadrupoles are reported on Ta-
bles 8, 9 and 10 at injection, during the ramp and at top energy, respectively (see section 2.1 for
more details). Due to the two in one design of the main magnets, some sign rules apply for the
systematic multipolar components of geometric origin:
– for the dipoles, the systematic geometric components b2n and a2n+1 change sign from the
inner to the outer aperture.
– for the quadrupoles, the systematic geometric components b2n+1 and a2n change sign
from the inner to the outer aperture.
an Main dipole MB Main quadrupole MQ
& (Sum of Persistent & Geometric) (Sum of Persistent & Geometric)
bn Average Uncertainty Random Average Uncertainty Random
Outer Inner (max. value) (r.m.s) Outer Inner (max. value) (r.m.s)
b1 −8.630 −8.630 10.037 5.024 .483 −.483 .000 .747
b2 −1.405 1.399 .850 .746 −5.600 −5.600 10.016 10.012
b3 −9.700 −9.700 1.376 1.474 .007 −.007 .510 .924
b4 .223 −.219 .344 .513 .514 .514 .578 .289
b5 .887 .887 .436 .428 −.005 .005 .246 .267
b6 −.011 .011 .057 .088 −.911 −.911 .516 .422
b7 −.158 −.158 .053 .219 .000 .000 .000 .142
b8 .000 .000 .000 .043 .217 .217 .000 .241
b9 .362 .362 .028 .071 .000 .000 .000 .410
b10 .000 .000 .000 .000 −.292 −.292 .698 .349
b11 .567 .567 .000 .000 .000 .000 .000 .237
a1 .752 −.752 5.000 .400 .000 .000 .000 .747
a2 −.002 −.002 .510 1.864 .000 .000 .000 .000
a3 −.082 .082 .867 .479 .000 .000 .510 .924
a4 .000 .000 .130 .513 .000 .000 .578 .481
a5 .007 −.007 .418 .341 .000 .000 .246 .229
a6 .000 .000 .057 .165 .000 .000 .251 .418
a7 .017 −.017 .000 .078 .000 .000 .000 .142
a8 .000 .000 .000 .084 .000 .000 .000 .241
a9 −.006 .006 .000 .115 .000 .000 .000 .410
a10 .000 .000 .000 .012 .000 .000 .000 .349
a11 .002 −.002 .000 .000 .000 .000 .000 .237
Table 8: Expected field errors in MB’s and MQ’s (error table 9901) at injection (in units of
10−4 relative field error at a radius Rref = 17 mm).
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an Main dipole MB Main quadrupole MQ
& (Geometric & ramp induced effects) (Geometric & ramp induced effects)
bn Average Uncertainty Random Average Uncertainty Random
Outer Inner (max. value) (r.m.s) Outer Inner (max. value) (r.m.s)
b1 5.000 5.000 10.127 5.120 .483 −.483 .000 .941
b2 −1.402 1.402 1.078 1.679 16.820 16.820 11.185 10.358
b3 2.127 2.127 .901 1.546 .007 −.007 .510 1.901
b4 .221 −.221 .356 .532 .716 .716 .578 .646
b5 −.432 −.432 .444 .540 −.005 .005 .246 .337
b6 −.011 .011 .057 .085 3.766 3.766 .256 .430
b7 .150 .150 .000 .217 .000 .000 .000 .142
b8 .000 .000 .000 .041 .217 .217 .000 .241
b9 .538 .538 .000 .070 .000 .000 .000 .410
b10 .000 .000 .000 .000 −.474 −.474 .698 .349
b11 1.520 1.520 .000 .000 .000 .000 .000 .237
a1 .752 −.752 5.000 .134 .000 .000 .000 .941
a2 −.002 −.002 .905 2.407 .000 .000 .000 .500
a3 −.082 .082 .875 .506 .000 .000 .510 1.901
a4 .000 .000 .148 .730 .000 .000 .578 1.192
a5 .007 −.007 .421 .354 .000 .000 .246 .309
a6 .000 .000 .057 .142 .000 .000 .251 .430
a7 .017 −.017 .000 .072 .000 .000 .000 .142
a8 .000 .000 .000 .082 .000 .000 .000 .241
a9 −.006 .006 .000 .070 .000 .000 .000 .410
a10 .000 .000 .000 .000 .000 .000 .000 .349
a11 .002 −.002 .000 .000 .000 .000 .000 .237
Table 9: Expected field errors in MB’s and MQ’s (error table 9901) during the ramp (in units
of 10−4 relative field error at a radius Rref = 17 mm).
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an Main dipole MB Main quadrupole MQ
& (only Geometric) (only Geometric)
bn Average Uncertainty Random Average Uncertainty Random
Outer Inner (max. value) (r.m.s) Outer Inner (max. value) (r.m.s)
b1 .000 .000 10.000 5.000 .483 −.483 .000 .000
b2 −1.402 1.402 .850 .680 .000 .000 10.000 10.000
b3 1.329 1.329 .867 1.445 .007 −.007 .510 .850
b4 .221 −.221 .344 .491 .514 .514 .578 .289
b5 −.303 −.303 .418 .418 −.005 .005 .246 .231
b6 −.011 .011 .057 .085 3.599 3.599 .251 .418
b7 .321 .321 .000 .217 .000 .000 .000 .142
b8 .000 .000 .000 .041 .217 .217 .000 .241
b9 .133 .133 .000 .070 .000 .000 .000 .410
b10 .000 .000 .000 .000 −.418 −.418 .698 .349
b11 .532 .532 .000 .000 .000 .000 .000 .237
a1 .752 −.752 5.000 .000 .000 .000 .000 .000
a2 −.002 −.002 .510 1.700 .000 .000 .000 .000
a3 −.082 .082 .867 .434 .000 .000 .510 .850
a4 .000 .000 .130 .491 .000 .000 .578 .289
a5 .007 −.007 .418 .334 .000 .000 .246 .187
a6 .000 .000 .057 .142 .000 .000 .251 .418
a7 .017 −.017 .000 .072 .000 .000 .000 .142
a8 .000 .000 .000 .082 .000 .000 .000 .241
a9 −.006 .006 .000 .070 .000 .000 .000 .410
a10 .000 .000 .000 .000 .000 .000 .000 .349
a11 .002 −.002 .000 .000 .000 .000 .000 .237
Table 10: Expected field errors in MB’s and MQ’s (error table 9901) at collision (in units of
10−4 relative field error at a radius Rref = 17 mm).
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